Early diabetes mellitus is characterized by impaired responses to pressor hormones and pressor receptor downregulation. The present study examined the effect of elevated extracellular glucose concentrations on angiotensin II 
Introduction
Early diabetes mellitus in both experimental animals and man is associated with increased blood flow to many tissues, including the kidney, myocardium, retina, skin, muscle, and brain (1) (2) (3) (4) (5) (6) (7) . These early changes in regional hemodynamics have in turn been strongly implicated in the pathogenesis of the widespread microvascular injury that characterizes this disease (8) (9) (10) . The principal determinant of this deleterious increase in tissue perfusion is a reduction in arteriolar tone ( 11). Pressor hormones such as angiotensin II (All)' and arginine vasopressin (AVP) are important modulators ofvascular tone ( 12) and studies of the diabetic rat have demonstrated an early reduction in the aortic contractile response to All and epinephrine ( 13) . Moreover, glomerular hemodynamic responses to All are also markedly blunted in diabetic rats ( 14) .
The aforementioned impaired response to pressor hormones could result from either impaired postreceptor actions of the hormone or reduced hormone-receptor binding. In keeping with the latter, reduced glomerular All binding has been demonstrated in the diabetic rat ( 15, 16) ; reduced AVP binding to platelet VI receptors has also been observed in patients with diabetes mellitus ( 17) . Additional studies reveal a reduction in the number ofbeta-adrenergic receptors in experimental diabetes and platelet thromboxane A2 receptors in human diabetes ( 18, 19) , suggesting that the diabetic state may be associated with a generalized reduction in the expression of a variety of pressor receptors.
In spite of the potential pathophysiological significance of pressor receptor downregulation with regard to the initiation and/or propagation of vascular injury in diabetes, the mechanisms responsible for these marked changes in surface receptor density are unknown. Recent evidence suggests that protein kinase C (PKC), a multifunctional Ca2+-and phospholipiddependent serine/threonine kinase system, may play an important role in regulating the cell surface density of many receptors (20) (21) (22) . In this regard, we have shown that hormoneactivated PKC is an important component of homologous hormone receptor desensitization in cultured rat vascular smooth muscle cells (VSMC) (23, 24) . Others report a similar PKC-dependent downregulation of a variety of receptors in different tissues (25) (26) (27) . More recent reports suggest that PKC may modulate surface receptor density by regulating receptor mRNA expression and receptor biosynthesis (28) . In view ofthe potentially important role of PKC in the regulation of receptor biosynthesis and expression, it is intriguing that high extracellular glucose concentrations have recently been shown to promote the activation of PKC in numerous tissues, including vascular tissue, both in vivo and in vitro (29) (30) (31) (32) . Together, these observations raise the possibility that glucoseinduced PKC activation could provide a novel biochemical mechanism to account for downregulation of pressor receptors in patients with diabetes mellitus.
The present in vitro study thus examines the hypothesis that elevated extracellular glucose concentrations can directly promote the downregulation of All and AVP receptors on VSMC and thereby impair the subsequent pressor response of VSMC to these hormones via mechanisms dependent on glucose-induced PKC activation in VSMC.
Methods
Materials. AVP ofa PKC-specific peptide substrate (VRKRTLRRL) was added to the buffer. This short synthetic peptide is based on the sequence surrounding a major PKC-dependent phosphorylation site within the epidermal growth factor (EGF) receptor (37) . This peptide substrate is not phosphorylated by cyclic nucleotide-dependent or Ca2+/calmodulin-dependent protein kinases or S6 kinase and has been extensively characterized to be a highly specific substrate for PKC (35, 36) . By permeabilizing VSMC with the digitonin contained in the buffer, the VRKRTLRRL peptide enters VSMC along with [gamma32PJATP to allow a highly selective and rapid analysis of in situ PKC activity. The concentration ofdigitonin (50 ug/ ml) used in this assay does not modify VSMC morphology or promote cell detachment. Moreover, PKC activity is retained by the monolayer postpermeabilization (PKC activity in the supernatant was < 10% total PKC activity). This latter finding is consistent with the concept that the PKC activity being measured using this assay is tightly associated with the cell membrane as has been proposed for the active form of PKC (20, 38, 39) . The kinase reaction was linear with time for up to 20 min and was therefore allowed to proceed for 10 min at 30°C before termination by the addition of25% (wt/vol) TCA (final TCA concentration 5%). Aliquots (45 Al) of the acidified reaction mixture were spotted onto 2-cm phosphocellulose circles (P8 1; Whatman Inc., Clifton, NJ) and washed batchwise: three washes with 75 mM phosphoric acid and one wash with 75 mM sodium phosphate (pH 7.5) (500 ml/2-min wash). Because ofthe basicity of the VRKRTLRRL substrate, it is retained by the phosphocellulose filter at neutral pH, whereas contaminating [32P]ATP is removed. The PKC-dependent phosphorylation of the peptide substrate bound to the filter was quantified by scintillation counting. Results are expressed as PKC-dependent peptide phosphorylation, pmol/min per mg VSMC protein.
Measurement of5Ca2" efflux from VSMC. 45Ca2" efflux studies were performed as previously described (24, 40, 41 ) . Briefly, after exposure to the test media, confluent VSMC on 35-mm dishes were washed with physiological saline solution (PSS) and incubated with 1 ml fresh test medium containing 8 MCi 4SCa2+ (specific activity) for 3 h at 37°C to allow preloading of VSMC with 45Ca2+. Thereafter, VSMC were rinsed rapidly (10 x 1 ml PSS in 60 s) and then incubated with 1 ml PSS. The PSS was removed and replaced with fresh PSS at 1-min intervals for 6 min. Samples at each time interval were placed into vials for liquid scintillation counting. After 6 min, the PSS was supplemented with either AVP ( 10-7 M) or All ( 10-7 M) and VSMC were exposed to these agents for 1 min. 45Ca2 released by VSMC during the incubation with these agents and for subsequent 5 X 1-min incubations with 1 ml PSS was quantified by liquid scintillation counting. The VSMC were solubilized as described above and the cell-associated radioactivity was counted. Total 45Ca2+ released after the addition ofthe effector minus basal release was expressed as a percentage oftotal available cellular radioactivity at the time of stimulation with the effector.
VSMC shape change studies. The functional response of VSMC to AVP or All was assessed by quantitation of cell surface area changes using phase-contrast microscopy (IM35; Carl Zeiss, Inc., Oberkochen,
Germany) and a computerized digital image analyzer (Zidas, Carl Zeiss Inc.) that had been calibrated using a micrometer scale, as previously reported from this laboratory (23, 24) . For these studies, only sparsely plated primary cultures of VSMC in 35 X 10-mm dishes were used because VSMC may lose their contractility after subculture (42 (Fig. 2) . (Fig. 4) 24 48 Time (hrs) Figure 5 . Glucose-induced PKC activity in VSMC. Confluent VSMC were exposed for varying time periods to control medium (glucose 5 mM) (open bars) or high glucose medium (glucose 20 mM) (spotted bars) before measuring PKC activity. PKC activity was measured in situ in digitonin-permeabilized VSMC by determining the phosphorylation of the PKC-specific VRKRTLRRL peptide substrate. Results are expressed as pmol phosphate transfered to this substrate/ min per mg VSMC protein. *P < 0.01 vs. the time-matched control (n = 4).
To examine the role of glucose-induced PKC activation in mediating pressor receptor downregulation, a means ofmanipulating PKC activation by glucose was necessary. The next study determined the capacity ofH7, a relatively specific inhibitor ofPKC activity (43) , to prevent glucose-induced PKC activation. VSMC were coincubated with H7 (5 X 10 -5 M in 0.1 % DMSO) in either control medium or high glucose (20 mM) medium for 48 h before determining in situ PKC activity. DMSO (0.1%) alone had no effect on basal or glucose stimulated PKC activity (data not shown). With control medium, H7 reduced basal PKC activity. Moreover, when high glucose medium was coincubated with H7, glucose-induced PKC activation was almost completely prevented (Fig. 6) . The fact that the phosphorylation of the VRKRTLRRL peptide substrate was markedly attenuated by a recognized PKC inhibitor (H7) demonstrates that the phosphorylating activity being measured in the permeabilized VSMC was specific for PKC.
The role ofPKC in glucose-induced A VP and AII receptor downregulation in VSMC. After demonstrating that the sustained activation of PKC induced by chronic high glucose exposure could be prevented by coincubation with H7, the same experimental maneuver was used to examine specifically the role of PKC in mediating glucose-induced pressor receptor downregulation in VSMC. Fig. 7 shows that, in the absence of H7, 48- (34, 44) . This release of intracellular Ca2" is associated with an increased rate of extrusion of Ca2+ from the cell. The measurement of this Ca2" efflux is, therefore, a measure of the magnitude ofthe intracellular signaling response to AVP or All (34) . Fig. 8 shows that AVP (l0-7 M) or AII ( 10-7 M) are efficacious in stimulating Ca2" efflux from VSMC. Similar results were obtained using confluent VSMC that had been preexposed to the osmotic control media (Fig. 8) . In contrast, after a 48-h preexposure to a high glucose (20 mM) medium, there was a marked (-30% of control) and significant reduction in the amount of Ca2" effluxed from confluent VSMC in response to AVP or AI. The percent of total 45Ca2" effluxed from VSMC over a 5-min period under basal, unstimulated conditions was similar after up to 48 h preexposure to each of the test media. Thus, the 30% versus control depression of AVP-or AII-stimulated 45Ca2+ efflux after preexposing VSMC to a high glucose medium reflects primarily a decrease in the intracellular signaling response to those pressor hor- mones rather than any change in the basal efflux rate. Furthermore, these data suggest that the magnitude of AVP and All receptor downregulation is paralleled by a proportionate decrease in intracellular signaling. The process ofCa2+ mobilization in VSMC is closely linked to the intracellular mechanisms regulating cell contraction (44, 45) . The next study therefore examined whether the glucoseinduced downregulation of AVP and All receptors on VSMC was also associated with impaired VSMC contractile responses to AVP and All. Sparsely plated individual primary cultures of VSMC were incubated with one of the four test media for 48 h before examining VSMC contraction in response to AVP or All ( 10-6 M). Contraction was defined as a > 15% reduction in surface area, measured using microscopic digital planimetry. Spontaneous contraction of cells due to manipulation of the media was the same after preexposure to all test media. Moreover, median cell planar surface area was not significantly different after exposure to different test media, thus contractile responses were measured from a similar baseline surface area in the presence of all test media. In the presence of control medium, almost 50% of VSMC underwent a significant contractile response after a 15-min exposure to either AVP or All, compatible with data previously published from this laboratory (23, 24, 44) . Results in the presence of the mannitol or L-glucose media were equivalent to control. However, after a 48-h exposure to a high D-glucose (20 mM) medium, the contractile response of VSMC to AVP and All was significantly impaired (Fig. 9) . These data complement the signal-transduction studies in suggesting that the PKC-dependent downregulation of AVP and All receptors on VSMC exposed to a high glucose environment is associated with a significant depression of biochemical and physiological responses ofVSMC to these pressor hormones.
Discussion
Several in vivo studies demonstrate that the early diabetic state is associated with a downregulation ofdiverse classes ofpressor receptor on a variety oftissues (15) (16) (17) (18) (19) . In spite ofits potential pathophysiological significance with regard to vascular injury in diabetes mellitus, the factors responsible for receptor downregulation remain undefined. Hyperglycemia is the characteristic metabolic abnormality ofdiabetes mellitus and some studies demonstrate that an inverse relationship may exist between blood glucose concentration and hormone receptor density ( 16, 19) . Treating rats with insulin to maintain euglycemia prevents glomerular All receptor downregulation ( 16) . Furthermore, in diabetic patients, there is a significant negative correlation between platelet thromboxane A2 receptor number and glycosylated hemoglobin Al levels ( 19), the latter being a measure of recent glycemic control. However, because of the multiplicity of factors that can influence the regulation of receptor expression, it has been impossible to examine the specific and independent effect ofan elevated extracellular glucose concentration in vivo. To this purpose, the present study used an in vitro cell culture system to exclude other variables and uniquely demonstrates a direct and specific effect ofhigh extracellular glucose concentrations to downregulate AVP and All receptors on vascular tissue. This effect is not attributable to changes in extracellular osmolality but is dependent on the metabolism ofD-glucose. The receptor downregulation was apparent using glucose concentrations compatible with those attained in poorly controlled diabetic patients. Analysis ofreceptor-binding kinetics reveals a similar effect of high extracellular glucose concentrations on both AVP and All binding to VSMC. The specific binding of both pressor hormones to VSMC was depressed due to a significant reduction in surface density of each receptor type rather than any significant change in receptor affinity. Ofinterest, similar characteristics for pressor receptor downregulation have been observed early in the course of experimental and human diabetes mellitus. In the rat glomerulus, All receptors are downregulated within 24 h of onset of diabetes mellitus ( 15, 16) and, in diabetic patients, the AVP (V1) and the thromboxane A2 receptor are downregulated on the surface of platelets ( 17, 19) . In each instance, the diminished hormone binding resulted from decreased receptor density without a significant change in re-ceptor affinity, an identical response in vitro to the effect of glucose on pressor receptors demonstrated in the present study. In addition, the magnitude of receptor downregulation due to diabetes mellitus in vivo (30-58%) is similar to the maximal glucose-induced response of -40%. In each in vivo study, decreased pressor receptor number in diabetic animals and man could not be explained by previous receptor occupancy or homologous desensitization due to reciprocal changes in circulating levels of the relevant hormone (15) (16) (17) 19) . Moreover, more detailed studies of the All receptor revealed appropriate All receptor regulation in diabetic rat glomeruli after pharmacological manipulation of the renin-angiotensin system ( 15, 16) . These latter observations imply a direct effect of a metabolic consequence of the diabetic state on pressor receptor expression. One major consequence is hyperglycemia and the present in vitro study illustrates that a potent and specific effect increased glucose to downregulate AVP and All receptors on cultured VSMC. This effect is both qualitatively and quantitatively similar to the effects of the diabetic state on these receptors in vivo. Although it is impossible to extrapolate directly from in vitro data to the in vivo situation, this striking correspondence does suggest that the previously documented effects of diabetes on pressor receptor kinetics in vivo may be a direct consequence of an elevated extracellular glucose concentration. The present results also provide information about the cellular mechanism whereby this effect of glucose may be mediated.
PKC may be important in regulating the expression of a diverse population of cell surface receptors in a variety of tissues (25) (26) (27) (28) . The present study demonstrates that high extracellular glucose concentrations induce a sustained increase in the activity of PKC in VSMC. This observation is compatible with those of others, which show a glucose-dependent activation of PKC in many tissues in vivo and in vitro (29) (30) (31) (32) . Using isolated glomeruli, Craven and coworkers recently demonstrated that elevated glucose concentrations increase the flux of glucose through an intracellular pathway that culminates in the enhanced de novo synthesis of DAG and concluded that this increase in DAG mass may contribute to glucose-induced activation of PKC (29, 32) . Numerous studies in diabetic animals confirm that DAG levels are indeed elevated in a variety of tissues, including vascular tissue (29, 31, 32, 46) . The present study lends support to the aforementioned hypothesis of Craven and coworkers by demonstrating that elevated extracellular glucose concentrations of the nonmetabolized glucose isomer, L-glucose, do not activate PKC, implying that a product of glucose metabolism, perhaps DAG, is required for glucose-induced activation of PKC in VSMC.
To explore the relevance ofthe sustained activation ofPKC by glucose to the process ofglucose-induced receptordownregulation in vascular tissue, glucose-induced PKC activation was prevented with H7, a relatively specific inhibitor of PKC activation (43) . This maneuver almost completely prevented glucose-induced downregulation ofthe AVP or All receptor, providing strong evidence that glucose-induced pressor receptor downregulation is dependent on the capacity for glucose to activate PKC in VSMC. It is important to note, however, that H7 is not totally specific for PKC and it therefore remains possible that the concomitant inhibition of other kinase systems could be contributing to the effects of H7 on glucose-induced receptor downregulation, as observed in the present study.
The present study demonstrates a slow onset and slow recovery of glucose-induced AVP and All receptor downregulation, requiring hours. The recycling time for the AVP (VI) and All receptors, however, is rapid in VSMC, -15-20 min (47, 48) . An [50] [51] [52] . Recently, the glucose-induced PKC activation has been characterized in cultured VSMC (53) .
In conclusion, the present study uniquely demonstrates that high extracellular glucose concentrations depress the expression of AVP and All receptors on VSMC. This effect is dependent on glucose-induced PKC activation and is likely to be of physiological significance in view of the associated marked attenuation of VSMC functional responses to AVP and All. This novel mechanism may contribute to pressor receptor downregulation in early diabetes mellitus, thereby directly implicating hyperglycemia in the pathophysiology ofhemodynamically mediated vascular injury in this disease.
